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Abstract: 
This paper aims to analyse the thermal characteristics of a novel system of Capillary Tubes embedded 
in a Phase Change Material (CT-PCM) as part of active building environmental design for energy 
conservation and the improvement of indoor thermal environment. The CT-PCM system is proposed 
based on the concept that low-grade energy utilisation potential could be harnessed and maximised by 
buildings’ radiant heating/cooling systems and phase change material. The CT-PCM component is 
first built in the laboratory, and the thermal characteristics of the CT-PCM are investigated through a 
set of thermal response experiments. In addition, a simplified model is developed to assess the long-
term thermal performance of the CT-PCM system for its application during a strategical system 
design stage. To ensure the robustness of the numerical model in the assessment of the thermal 
performance of the system, the developed model is evaluated against the experiments under a set of 
dynamic thermal boundary conditions. The evaluation process reveals that when the flow rate of 
thermal fluids in the CT-PCM system is more than 800ml/min, the simulation results of the proposed 
simplified model are in a good agreement with the experiment. When the flow rate in the capillary 
tube is smaller than 800ml/min, the correction factors are derived to address the non-uniformity of 
temperature distribution. 
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1. Introduction 
 
The application of active radiant systems for heating in winter and cooling in summer has expanded in 
recent years [1][2]. In some cases, radiant cooling/heating systems could potentially save up to  30% 
of the energy consumption comparing with traditional convective heating/cooling systems [3][4]. 
Construction of an active system may consist of pipes/tubes embedded in concrete slabs/floors/roofs 
where heat is allowed to exchange with the surrounding and the fluid. One example of an active 
radiant heating system is the Thermally Activated Building System (TABS) [5]. TABS utilises a 
water piping system embedded in building structures to store thermal energy. The heat stored in 
building structures (slabs/concretes) carried by the water will then exchange heat passively to enhance 
indoor thermal comfort. TABS with high thermal inertia is well-known for its peak load shifting 
ability as well as operating on low cost periods [6][7]. This helps to prolong the intermittent 
availability of renewables such as night-time cooling and solar radiation when these sources are no 
longer available [8]. Up to 30% of improvement in energy efficiency was reported when a system 
comprised of pipe-embedded roof/wall is coupled with low-grade energy [9]. One downside to the 
application of TABS is that it requires massive building structure (thermal mass) for thermal storage. 
For the system to work effectively, it requires high thermal mass to store or release adequate heat 
from the slabs particularly for peak load shifting [10]. Unless huge space requirement is provided, it is 
a burden for its application in new or existing buildings. This deficit can be overcome with the 
introduction of PCM to replace the massive building structures as PCM is known with its high 
thermal mass for its volume.  
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PCM has been used passively to control indoor thermal environment through thermal buffering 
[11][12]. Passive PCM is mainly used for peak load shifting in building sector [13][14]. Passive PCM 
has also been used to replace heavier and bulkier building components as it has high thermal mass 
over its volume which means lighter building components can be developed with PCM while 
maintaining its thermal mass [15]. While PCM on its own has gained reputation as part of building 
components, there are few notable drawbacks including limited thermal storage, low thermal 
conductivity and high initial cost of PCM [16][17]. Further application of passive PCM is restricted 
by these limitations. Integration of active building environmental systems and PCM which is known 
as active PCM or thermally activated PCM [15] can be used to uplift these limitations. Koschenz & 
Lehmann (2004) developed a thermally activated PCM ceiling panel for lightweight and retrofitted 
building applications [15]. Composite of gypsum and 25 weight percentage of microencapsulated 
PCM were used in the study to form a PCM composite panel stuffed in a metal case, which was 
equipped with water pipe for heat transmission. Another study which adopted the concept of 
thermally activated PCM was conducted by Lin et al.[18][19]. In their study, a shape-stabilized PCM 
is coupled with an under-floor electric heating to produce enormous thermal storage for peak load 
shifting. This system was able to reduce energy cost and CO2emissions due to the fact that the PCM is 
charged over the night when the tariff and carbon intensity of the energy is lower than day time. Mazo 
et al. (2012) [20] developed a numerical model to simulate a PCM radiant floor heating system. The 
PCM floor heating system was coupled with a heat pump that operates during night time for the 
reduction of electricity cost. Their modelling results showed that heating demand was reduced by 
using PCM. In another study, Ansuini et al. (2011) [21]investigated  a lightweight PCM floor radiant 
cooling system. The presence of PCM in the radiant cooling system managed to save approximately 
25% of the energy consumption associated with cooling process for a room of 16m2. It was also 
reported that in between seasons, the PCM was able to provide 2 to 3 days of thermal buffer in typical 
living conditions by buffering direct radiant gains from the sun.  
 
From the above, radiant heating/cooling components are used to charge/discharge heat to/from PCM 
and initiate continuous thermal cycles in PCM. Most researchers use cheap electricity tariff to charge 
the PCM which will be used later during high tariff of electricity [18][19]. It can be noted that most of 
these studies use electric radiant system (high grade energy) embedded in building fabrics and PCM. 
To date, very little emphasis has been reported which integrate hydronic radiant system and PCM 
with potential low-grade energy. When active PCM is coupled with low-grade energy for 
heating/cooling, the thermal response of the system can be prolonged which reduces energy 
consumption for space heating and cooling.  
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Furthermore, traditional active system using embedded regular-size piping suffers from the 
shortcomings such as huge size of piping and large space required for installation. TABS for instance, 
requires large surface areas for heat transfer to take place to provide enough thermal buffering for 
peak load shifting. Reducing the piping size as well as limiting the building structure for heat transfer 
interactions significantly reduce the effectiveness of TABS system as thermal inertia carried by the 
system is apparently lessened. This is where the combination of Capillary Tubes (CT) and PCM could 
offer a practical alternative to fill the gaps. CT could serve as a good replacement for the massive 
piping systems due to its small size, maximized contact surface and convenience for installation. PCM 
on the other hand, will provide sufficient thermal mass as a replacement of massive and bulky 
building structures.  
 
Pipe material for CT varies from copper, steel and polyethylene [9]. The thermal conductivity of the 
pipe should be high enough to allow heat transfer between the water and the mass of the structure. It 
must also be durable, long lasting and corrosion free. Thus, the choice of pipe material is crucial as it 
affects the performance of the active system. The most frequently used pipe material in the study of 
hydronic radiant system is high-density polyethylene or polybutylene as it is flexible and can easily be 
assembled by heat treatment[22][23]. This makes it the primary choice of pipe material chosen for 
this study. Successful implementation of CT in active building has been reported where the thickness 
of concrete layer where the CT are to be installed can be as thin as 30mm [24]. This is particularly 
attractive for retrofitting existing buildings and implementation on new buildings.  
 
The present study aims to evaluate the thermal characteristics of a novel prototype of an active 
capillary tube embedded in PCM wall/ceiling panels. This is achieved by combining the passive PCM 
system with the hydronic capillary-tube radiant system. To our knowledge, this is the first study 
involving the combination of CT and PCM for active building heating and cooling purpose. In order 
to carry out the parametric studies, a theoretical model is developed to evaluate the thermal 
performance of the CT-PCM system and assess its long-term thermal performance. The model is 
evaluated against a set of experiments. 
 
 
2. Methods 
2.1 Experimental design of CT-PCM system  
To understand the thermal characteristics of the CT-PCM system, an experimental design is shown in 
Fig.(1). The system comprises of 3 primary units which are the CT-PCM panel, temperature-
controlled chamber and water bath system. The CT-PCM panel is a sandwich of PCM powder and 
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capillary tube that is embedded at the centre of the PCM (Fig.(4)). The PCM used in this experiment 
was A23 Plus-ice micro-encapsulated PCM (paraffin) and its thermal properties are listed in Table 1. 
The CT-PCM panel is placed on the top of a temperature controlled chamber as shown in Fig.(2). The 
chamber is designed to regulate heating/cooling inside the chamber to provide variation of imposed 
temperature which will act as boundary conditions for the CT-PCM panel. A water bath with 
controllable water temperature is used to provide heating and cooling for the system via the capillary 
tubes (hydronic radiant system). 
 
Fig 1. Schematic diagram for experiment 
 
 
Fig 2. Schematic design of temperature-controlled chamber 
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Fig 3. Real design of temperature-controlled chamber 
 
Table 1. Thermal properties of PCM and plasterboard 
Material Density 
ρ, 
(kg/m3) 
Thermal 
conductivity 
k, (W/m.oC) 
Thickness 
(mm) 
Heat 
capacity 
cp,  
(J/kg.oC) 
Latent 
heat H, 
(kJ/kg) 
Melting 
Temperature 
(oC) 
A23 Plus Ice 
micro-
encapsulated 
PCM 
785 0.18 11 
2220 
(average 
for solid 
and 
liquid) 
210 21 
Gypsum 
board 
800 0.17 22 1090 - - 
 
The exposed capillary tubes are embedded in PCM powder which is then insulated on the top of the 
panel. Capillary tubes used in the system is plastic capillary tube which is 140 m long with inner 
diameter of 3.4 mm and 0.55 mm thickness (Outer diameter = 4.5mm). The tube allows hot and cold 
water flow to exchange heat with the PCM. During PCM charging, heat from hot water is transferred 
to PCM where melting process is predicted when heat is supplied above the melting temperature of 
the PCM. During PCM discharging, heat from PCM is transferred back to the Heat Transfer Fluid 
(HTF). The thermal properties of the PCM and plasterboard used are displayed in table 1.The 
chamber (1.2m x 1.3m x 2.0m) is constructed using plywood where the CT-PCM is placed on the top 
of the chamber (ceiling). The chamber is fully insulated to avoid heat loss or thermal interference 
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from outside. Heating in this setup is supplied through an adjustable 2kW convective heater and 
cooling is supplied from ice cubes. A fan is used to ensure a well mixing of air inside the chamber. An 
actual temperature chamber fabricated for the experiment is shown in Fig.(3). 
Temperature across the depth of the CT-PCM panel is measured using Type K thermocouples with an 
accuracy of ±0.1oC. The data logging system of Picolog is used to monitor and collect the temperature 
distribution per minute across the thickness of the CT-PCM panel which is shown in Fig.(4). Here, 
thermocouples are placed at node marked as T0, T1, T2, T3 and T4 where the temperature distribution 
for all these nodes will be recorded. As discussed in section 2.2.4, 6 distinct points on the CT-PCM 
panel are chosen for validation as shown in Fig.(7).  
Throughout the experiment, the PCM thickness is kept the same, but the flow rate and supply 
temperature from the hydronic system varies, allowing the dynamic response of the CT-PCM system. 
Five sets of experimental scenarios are conducted, see Table 2.  
 
Table 2. Experimental scenarios 
Scenarios 
PCM Thickness, 
(mm) 
Flow rate, 
(ml/min) 
Water supply 
temperature, (oC) 
Test 1 11 300 5 
Test 2 11 300 10 
Test 3 11 500 10 
Test 4 11 800 10 
Test 5 11 1000 15 
 
2.2. Development of a numerical model for CT-PCM 
The CT-PCM is a complex thermal system which involves different heat transfer processes such as 
heat transfer during phase change process, heat conduction from the internal layers and heat transfer 
from the capillary tubes. For a common radiant system embedded in a slab, Laouadi (2004) 
[2]suggested a fundamental heat diffusion equation to estimate the thermal performance of the system 
as in Eq.1. This model is based on linear properties of building materials. This expression is however 
incompatible with PCM as it inherits a non-linearity [25]. Therefore, in this study,  transient enthalpy 
method has been adopted to evaluate the thermal behaviour of PCM [26]–[28] in the system. This 
method is employed to estimate the heat transfer for the CT-PCM system by using temperature 
measurement at boundary nodes. Fig.4 shows the geometry for the system that is used in the 
modelling. The ceiling or wall structure is formed of three-layer plane walls where the PCM is 
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sandwiched between the plaster and the insulation board. Capillary tubes are embedded in the PCM. 
Varying temperature is imposed at x=0 as boundary condition and the PCM is insulated on the top. 
 
Fig 4.Geometry for numerical simulation. 
 
2.2.1 Governing equations 
Governing equations of CT-PCM system write according to [2], 
𝜌
∂H
∂t
=
∂
∂x
(k
∂T
∂x
) − 𝜌L
∂f
∂t
−
𝜕𝑞?̇?
∂x
          (1) 
?̇?𝑤 =
?̇?𝑤∗𝑐𝑝,𝑤(Tw,out−Tw,in)
𝐴
.          (2) 
𝜌
∂H
∂t
= k (
∂2T
∂x2
) − 𝜌L
∂f
∂t
−
𝜕𝑞?̇?
∂x
          (3) 
 
The following assumptions are taken when modelling radiant tubes embedded in PCM [2]; 
 
 The temperature gradients between tubes are neglected and considered as uniform when the 
ratio of the tube spacing to circuit length is very small. 
 The radiant system edges are adiabatic (well insulated). 
 Temperature gradients within the tubing material are negligible when the tubing thickness is 
very small compared to the interior diameter. 
 
qw is heat transfer per unit area as given in equation 2, which is calculated from mass flow rate and 
specific heat of water as well as inlet and outlet water temperature of the capillary mat. The 
consideration of using qw in the model will be discussed in the following subsection. Heat transfer in 
the plane wall is assumed to be unidirectional and when thermal conductivity is constant, Eq(1) can be 
therefore reduced to Eq(3). 
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2.2.2Numerical computation and stability 
Finite difference method is employed to solve the governing equations. From Fig.(5), the plane wall is 
discretised with a uniform spatial step known as nodes and uniform time step [29]. Each node is 
governed by a control volume where energy balance equations are assigned at each node and time 
step.Varying temperature is imposed at node 0 (x=0) and radiant heat is supplied at T3. For stability, 
the time step and the spatial step must be chosen such that, 
𝑚𝑎𝑥 |
𝑘𝛥𝑡
𝜌𝑐𝛥𝑥2
| ≤
1
2
           (4) 
 
Fig 5.Discretisation for one dimensional phase change problem [29]. 
For one dimensional phase change within a plane wall, the governing enthalpy equation of CT-PCM 
system is given as  
𝜕𝐻
𝜕𝑡
=
𝜕
𝜕𝑥
(
𝑘
𝜌
𝜕𝑇
𝜕𝑥
) − 𝐿
𝜕𝑓
𝜕𝑡
−
?̇?𝑤
𝑖
𝜌∆𝑥
         (5) 
 
Explicit discretisation of inner node i will give, 
𝜕𝐻𝑖
𝜕𝑡
=
𝑘
𝜌𝛥𝑥2
(𝑇𝑖−1 − 2𝑇𝑖 + 𝑇𝑖+1) − 𝐿
𝜕𝑓𝑖
𝜕𝑡
−
?̇?𝑤
𝑖
𝜌∆𝑥
       (6) 
 
First term in equation (6) represents the sensible enthalpy whereas the third term represents liquid 
fraction (fi) of PCM when phase change occurs, and the latent heat is represented by (L). The last term 
is heat per unit area from radiant system which is embedded in PCM. In the modelling, the last term is 
only applicable at T3 where the capillary is embedded and heat, qw is extracted or removed. Equation 6 
is left as it is for numerical computation. When no phase change occurs, the third term equals to zero 
where the change of sensible energy is computed from the knowledge of previous and after 
temperatures of current node in the control volume given by equation 7. 
𝜕𝐻𝑖
𝜕𝑡
=
𝑘
𝜌𝛥𝑥2
(𝑇𝑖−1 − 2𝑇𝑖 + 𝑇𝑖+1) −
?̇?𝑤
𝑖
𝜌∆𝑥
        (7) 
 
It should also be noted that the first term in equation 7 can be reduced to an ordinary heat diffusion 
equation; 
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𝜕𝐻𝑖
𝜕𝑡
= 𝑐
𝜕𝑇𝑖
𝜕𝑡
           (8) 
 
where c is the specific heat of either solid or liquid depending on the state of the control volume. 
Equation 7 can be re-written as; 
𝜕𝑇𝑖
𝜕𝑡
=
𝑘
𝜌𝑐𝛥𝑥2
(𝑇𝑖−1 − 2𝑇𝑖 + 𝑇𝑖+1) −
?̇?𝑤
𝑖
𝜌𝑐∆𝑥
        (9) 
 
Discretising the first term of equation 9 using backward difference, temperature of each node of single 
material can be obtained as below; 
𝑇𝑖
𝑗+1 = 𝑇𝑖
𝑗 +
𝑘𝛥𝑡
𝜌𝑐𝛥𝑥2
(𝑇𝑖−1
𝑗 − 2𝑇𝑖
𝑗 + 𝑇𝑖+1
𝑗
) −
?̇?𝑤
𝑖 𝛥𝑡
𝜌𝑐∆𝑥
       (10) 
 
When phase change occurs (melting or freezing), the first term of equation 6 equals zero. This is due 
to the fact that the change of sensible energy is less significant compared to the latent thermal storage 
of PCM in a phase changing mode. Rearranging eq. (6) will result in the following; 
𝐿
𝜕𝑓𝑖
𝜕𝑡
=
𝑘
𝜌𝛥𝑥2
(𝑇𝑖−1 − 2𝑇𝑖 + 𝑇𝑖+1) −
?̇?𝑤
𝑖
𝜌∆𝑥
        (11) 
 
Discretising the first term of equation 11 using backward difference, liquid fraction of each node of 
single material can be obtained as below; 
𝑓𝑖
𝑗+1 = 𝑓𝑖
𝑗 +
𝑘𝛥𝑡
𝜌𝐿𝛥𝑥2
(𝑇𝑖−1
𝑗 − 2𝑇𝑖
𝑗 + 𝑇𝑖+1
𝑗
) −
?̇?𝑤
𝑖 𝛥𝑡
𝜌𝐿∆𝑥
       (12) 
 
For solid, f=0 and for liquid, f=1. Any fraction which is less than 0 or greater than 1 is corrected to 0 
and 1 respectively. 
Equation 10 and 12 are only applicable for inner nodes of the same material. Outer nodes are 
subjected to boundary conditions at x=0 and x=L. Interface node of different materials would have to 
consider the difference of thermo-physical properties for both materials while formulating the 
equations. 
 In Fig.(4), there are 5 nodes of equally spaced Δx = 5mm, where node 0 (x=0) and node 4 
(x=L) are the boundary nodes. Node 2 is an interface node between a gypsum board and PCM 
whereas node 1 and 3 are inner nodes of the same material. It should be noted that node 2, 3 and 4 are 
PCM nodes where phase change process is anticipated when melting or freezing temperature is met.  
The initial condition is, 
T(x,0)= 𝑇0           (13) 
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Assumptions for numerical computation: 
i. One-dimensional heat transfer through the wall 
ii. Thermo-physical properties of the layers are constant except for the specific heat of PCM 
during melting or freezing process 
iii. Natural convection of PCM during melting process and the super-cooling effect during 
freezing process can be ignored. 
iv. PCM is assumed to behave ideally where property degradation is not considered. 
v. PCM is homogenous and isotropic. 
vi. Steady flow and uniform heat distribution through the capillary tubes across the wall layers.  
 
2.2.3Switching between one-phase or dual-phase computation 
The computation mentioned above is strictly depending on the state of PCM during the iteration 
process. Iteration normally starts when the PCM is in one phase (completely solid or liquid). During 
this period, Eqs. (9)-(10) are applicable. Temperature distribution during each time step is calculated 
using Eq. (10) above. This will continue until the nodal temperature within the PCM reaches the 
melting/freezing point. After this point, it is assumed that PCM is in dual-phase condition where the 
temperature is kept constant at its melting/freezing point. The following equation applies when PCM 
is in dual-phase. 
 
𝑇𝑖
𝑗+1 = 𝑇𝑖
𝑗 = 𝑇𝑚          (14) 
 
During the dual-phase period, Eqs. (11)-(12) are applicable. The phase change process is assumed to 
take place isothermally where only liquid fraction is determined explicitly for every time steps using 
Eq. (12). The correlation for liquid fraction is given in equation below; 
 
𝑓𝑖 = {
0 𝑖𝑓 𝑇 < 𝑇𝑚  (𝑆𝑜𝑙𝑖𝑑)
1 𝑖𝑓 𝑇 > 𝑇𝑚 (𝐿𝑖𝑞𝑢𝑖𝑑)
𝑏𝑒𝑡𝑤𝑒𝑒𝑛 0𝑎𝑛𝑑 1 𝑑𝑢𝑟𝑖𝑛𝑔 𝑝ℎ𝑎𝑠𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 
       (15) 
 
It should be noted that the value for liquid fraction falls between 0 and 1 during phase change. It is 0 
when PCM is solid and it is 1 when it is completely liquid. Values beyond this point will be corrected 
to 0 and 1 respectively. For melting process, iteration for liquid fraction starts at 0 the moment PCM 
nodal temperature reaches its melting temperature at Tm. Eq. (12) is used to calculate the liquid 
fraction explicitly for every time steps until it reaches 1. This means that the material has fully melted 
and the temperature is allowed to rise again. For the temperature iteration after the PCM has fully 
melted, the computation shifts back to Eq. (10). It is important to remember that once the liquid 
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fraction has been determined, the temperature field during the phase change process (initially assumed 
isothermal)can be corrected using the following formula; 
 
𝑇𝑖 =  𝑇𝑠 + 𝑓𝑖(𝑇𝐿 − 𝑇𝑠)          (16) 
where 
Ti the temperature for current node(
oC),  
TL the upper limit melting temperature (
oC),  
Ts the lower limit melting temperature (
oC),  
fi the liquid fraction for current node. 
 
Similarly, for freezing process, the PCM starts off as liquid where its nodal temperature field can be 
determined using Eq. (10). The moment the temperature of the PCM reaches the freezing point, the 
temperature is assumed to stay constant during the freezing process. Unlike melting process, the 
iteration for liquid fraction during freezing process starts at 1 and goes all the way down to 0. Eq. (12) 
is used to calculate the liquid fraction. After the fraction reaches 0, the temperature is allowed to 
change again by shifting it back to Eq. (10). The computation process of the numerical modelling is 
represented in Fig.(6). Last but not least, the enthalpy field (sensible and latent) can be calculated 
using the Eq. (17) once the temperature field and liquid fraction have been finalised. 
hi
j+1
= (Cavg × Ti
j+1
) + (fi
j+1
×  L)        (17) 
 
 
2.2.4 Special consideration of qw 
 
From Eq. 1, qw represents the amount of heat from the capillary tubes. It is calculated with the 
knowledge of mass flow rate, specific heat of fluid and temperature difference between inlet and 
outlet of a heat exchanger as shown in Eq. 2. This equation is valid under the condition of steady state 
and incompressible fluid flow. This conventional equation is mostly used by researchers due to its 
simplicity and applicability in complex problems [30]. As the capillary mat is completely buried in 
the PCM powder, it can be assumed that heat lost/gained from the capillary mat is completely 
transferred to/extracted from the PCM. In order to observe the effectiveness of using qw in the 
modelling, 6 points along the CT-PCM panel are identified  in Fig.(7) and the model for each of these 
points will be verified using experimental data. As far as validation process goes, comparison of 
temperature profiles at PCM boundary nodes are performed between the model and the experiment 
data. These two points are measurable from the experiment which will be the base on validation 
between the model and the experiment.  
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Fig 6. Computation process for single and dual-phase PCM. 
 
 
 
Calculate : 
Ti
j+1
 using Eq. (10) 
𝑓𝑖 = 0 (Solid) 
𝑓𝑖 = 1 (Liquid) 
 
One-Phase Node 
(Solid/liquid) 
 
Ti
j+1
= Ti
j
= 𝑇𝑚  
Calculate : 
𝑓𝑖  using Eq. (12) 
Is 𝐓𝐢
𝐣+𝟏
≥ 𝐓𝐦? 
(Melting) 
 
Is 𝐓𝐢
𝐣+𝟏
≤ 𝐓𝐦? 
(Freezing) 
 
 
No 
Yes 
Dual-Phase Node 
(Solid + liquid) 
 
 
Is 𝟎 > 𝑓𝒊 > 1? 
 
 
 
Yes 
No 
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From earlier definition, qw is assumed to be uniform throughout the entire panel which means the 
validation of the identified 6 points will be based on the same qw. If the model is able to be validated 
reasonably for all the identified points, then previous assumptions are right that uniform qw can be 
used in the model to represent the heating/cooling from the capillary mat. Nevertheless, some 
constraints may affect the accuracy of the data from the experiment. As PCM powder is used in the 
experiment, uneven PCM thickness is one big challenge that needs to be addressed. PCM thickness 
determines the latent heat storage for the system. Thus, uneven thickness could lead to big errors in 
modelling. Another problem that could emerge is the capillary tube which may not be properly buried 
at the centre of the PCM panel. Before the experiment begins, the tube must be guaranteed to be at the 
centre so that heat is evenly distributed through both surfaces on the CT-PCM panel to ensure 
accurate modelling. The 6-point validation results and the validity of qw will be discussed in results 
and discussion. 
 
Fig 7. Measurement points on CT-PCM panel 
 
3. Results and discussions 
In this section, verification of the model with experiment data is conducted under two different 
scenarios. The first scenario deals with the validation of PCM-only system and the second scenario is 
the validation of CT-PCM. The main reason to conduct the validation of PCM-only system is to 
assess the reliability of PCM technical specifications given by manufacturer. It is often found in 
literature that the manufacturers give misleading information on the technical specifications of PCM. 
Before continuing the experiment with embedded tubes in the PCM system, it is important to reassure 
that the technical specifications given for the purchased PCM is acceptable and reliable as the 
modelling is dependent on the accuracy of the thermal properties given.  
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3.1 Comparison of modelling and experimental results for PCM-only component 
 
Fig 8. Schematic diagram for numerical modelling for PCM-only component 
 
For PCM-only experiment, the case is filled with microencapsulated powder PCM (without tubes) and 
placed on the top of the temperature-controlled chamber. In this experiment, heating process is 
initiated on the frozen PCM which is chilled beforehand. It is important to note that in order to 
evaluate the thermal performance of PCM, the PCM needs to undergo a full thermal cycle of phase 
change process. In this case, the powder PCM is chilled in freezer around 10oC below its melting 
temperature (21oC). Initial temperature of the PCM is checked before filling the PCM in its case to 
ensure that the PCM is fully frozen. Heating from the chamber is initiated and temperature evolutions 
at specified thermocouple locations are recorded using data logger as shown in Fig.8. The temperature 
at PCM boundary nodes are taken as comparison between the experiment and the model. These points 
reflect the change of sensible and latent thermal storage for the PCM during phase change process and 
have been taken as reference points in other PCM validation studies [31].The modelling for this case 
is performed using numerical model described in section 2 above without integrating the heat from the 
tubes.  
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Fig 9.Comparision of the experimental results and the outcomes of   numerical model at PCM 
boundary A. 
 
Fig 10. Comparison of the experimental results and the outcomes of   numerical model at PCM 
boundary B. 
By using the thermal properties provided in Table 1 and with the assembly as shown in Fig.8, the 
validation results between the experiment data and the model are displayed in Fig.9 and Fig.10above. 
The models in both respective points are in good agreement with the experiment data. The 
temperature starts off at about 10oC and continues to rise steeply until it gets around 18oC. In this 
period, the PCM is frozen (solid state) and the temperature change is only due to the sensible heat 
storage of the PCM. A more gradual temperature increase is noticeable after this point until it gets to 
about 22oC before a sharp temperature increase is observed. This is due to the fact that the PCM is 
melting between 18oC to 22oC and the temperature continues to soar when melting is completed and 
the PCM is in liquid state. During melting, heat that is supplied to the PCM is used in the phase 
change process which makes the temperature to increase slowly. It takes longer for the temperature to 
increase during heating due to sensible and latent thermal storage of PCM. In liquid state, only 
sensible storage is present which makes temperature to increase sharply. Due to the successful 
verification of the model with provided technical specifications, the validation process is extended to 
the model of CT-PCM system which will be discussed in the next section. 
 
3.2 Comparison of modelling and experimental results for CT-PCM 
The system is set similarly as PCM-only system with the same chamber. The only difference between 
the two settings is that capillary tubes are embedded in the middle of the PCM for CT-PCM. For the 
validation, CT-PCM will undergo cooling process which is initiated by the tubes embedded in the 
PCM. As discussed above, the PCM needs to undergo a full thermal cycle between solid to liquid or 
10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40
0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0
Te
m
p
er
at
u
re
, º
C
Time, min
Temperature prof i le  at  Boundary B
T4 (model) T4 (experiment)
17 
 
liquid to solid to evaluate the thermal performance of the system. For this purpose, the PCM is heated 
up to 30oC to ensure that the PCM is in liquid state. Then, cooling is initiated through the tubes and 
the temperature changes in the system are measured by thermocouples. The temperature difference 
between the inlet and the outlet of the tubes delivers heat transfer to the adjacent medium (PCM) 
which is used in calculation of qw. Five different conditions of experiment scenarios are performed in 
the study which are displayed in Table 2.For simplicity, only results from test 5 will be displayed and 
discussed whereas the rest of the modelling results and their validation are displayed in Appendix 1. 
 
The modelling of CT-PCM system has been explained in section 3. Similarly, with PCM heating 
process, the PCM boundary nodes are taken as reference for verification between the measured data 
and the numerical model. The first important finding of the experiment is that the model has been 
successfully validated under different experimental conditions while the flow-rate of thermal fluid is 
equal to or above 800ml/min. However, at low flow-rate below 500ml/min, a correction factor needs 
to be applied to the cooling flux, qw in order to get a satisfactory validation of the model. Correction 
factor serves as an adjustment between the model and the experiment data. It represents the 
concentrated heat flux at the six measuring points along the CT as shown in Fig.13. 
 
In earlier section, it is assumed that heat is uniformly distributed throughout the entire capillary mats. 
From the results, this assumption is satisfactory when fluid flow is maintained at high flow rate (≥800 
ml/min) inside the capillary tubes. However, when fluid flow inside the tubes is maintained at low 
flow rate (≤500 ml/min), this assumption is observed to be untrue. This is because temperature 
gradient near to the entrance of the capillary tubes is higher and it diminishes as it flows along the 
capillary tubes. Under uniform heat distribution assumption, HTF is absorbing heat flux evenly 
throughout the entire panel between the CT and temperature chamber. At low flow rate, HTF allows 
more heat to be absorbed per unit time as it flows slowly through the tube corresponding to the 
temperature gradient between the CT and the temperature chamber. This creates a concentrated heat 
flux on the capillary mat that allows greater heat transfer at the inlet of the capillary tubes and it 
diminishes as it flows along the tubes to the outlet as shown in Fig.13. 
 
Assumption on uniform qw can only work when modelling CT-PCM at high flow rate above 800 
ml/min. To compensate this drawback, correction factor can be introduced to satisfy the assumption 
on uniform qw at low flow rate of CT-PCM. This allows standardisation on modelling assumption 
regardless of the volume flow rates of the system. Nevertheless, due to the uncertainty of the 
correction factor, a threshold limit on the flow rate above 800 ml/min should be set for future 
application of the numerical model. 
 
3.2.1Correction factor for low flow rate cooling  
18 
 
In order to determine the correction factor, a comparison is made between the experimental data and 
the model without using correction factor while assuming uniform qw for the modelling. Fig.11and 
Fig.12 show the model and experimental data at point 2(Fig 8) for test 2(Table 2). It can be seen that 
the results of the numerical model is not in line with the experiment data. The function of a correction 
factor is that it enables uniform qw to be applied throughout the entire capillary mats regardless of the 
volume flow rate of the CT-PCM. Earlier on, we discuss that heat flux is greater at the inlet for 
capillary system with low flow rate as most heat is transferred at the entry part of the tubes. Looking 
at the expression for uniform heat flux, ?̇?𝑤 = ?̇?𝑐𝑝𝛥𝑇,it is understood that for incompressible flow 
and constant specific heat, the change of heat flux is depending solely on the change of temperature 
gradient for the system. Thus, the correction factor is applied to the temperature gradient from the 
general expression above during the model computation. For this, an initial guessed correction factor 
is applied to 50 percent of the computed data. Value adjustment will be carried out until gaps shown 
in Fig.11 and Fig.12 can be reduced satisfactorily between the model and the experiment data. The 
guessed value serves as an estimate for the first half set of the data and it is used to predict the 
remaining half of the computed data. Once the set value is finalised, the final half of the data will be 
computed using this value and the computation process will progress as systematically planned as 
shown in Fig.5. The process is iterated. When a good match between the model and the experiment 
data is obtained, the correction factor for that measuring point is recorded for future reference. 
Subsequently, the method is applied for all of the measuring locations on the capillary mat and the 
correction factors obtained are displayed in Fig.13 below. 
 
 
Fig 11. Verification without correction factor (Boundary A) 
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Fig 12. Verification without correction factor (Boundary B). 
 
 
Fig13. Application of correction factor on qw. 
From Fig.13, it can be seen that the correction factor is strongly influenced by the flow-rate of the 
capillary tube. At high flow-rate above 800ml/min (test 4 & 5), no correction factor is needed where 
uniform qw can be used satisfactorily to represent cooling power from CT in modelling. On the 
contrary, at low flow rate below 500 ml/min (test 1, 2 & 3), correction factor needs to be introduced 
for accurate modelling of cooling power from the CT. If no correction factor is applied, an error of up 
to 56% could be introduced in the model. It is also apparent in Fig.13 that the correction factor 
diminishes as it goes along the measuring point from 1 to 6. For this, it can be understood that the 
temperature difference in a CT is higher closer to the inlet and it will gradually decrease as it moves 
along the tubes to the outlet. Therefore, assuming that the heat is uniformly distributed at a low flow 
rate in CT will generate significant error in model simulation unless correction factor is applied. There 
is a threshold flow rate where uniform qw can be used in the model for CT-PCM. In this study, it is 
above 800 ml/min. It is also important to note that the correction factor reduces with increasing 
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volume flow rate as shown in Fig.13. This shows that less heat transfer is experienced as temperature 
gradient is reduced especially at the inlet of CT due to increased velocity of the fluid.  
 
3.2.2Comparison for CT-PCM 
The results (test 5) for the CT-PCM validation are presented below. However, for simplicity, only 
data from measuring point 2 and 5 will be displayed as they are located in the middle of the CT.   
 
 
Fig 14. Validation results for Measuring Point 2 (Boundary A) 
 
 
 
Fig 15. Validation results for Measuring Point 2 (Boundary B) 
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Fig 16. Validation results for Measuring Point 5 (Boundary A) 
 
 
 
Fig 17. Validation results for Measuring Point 5 (Boundary B) 
 
Good agreement between modelling and experimental data can be observed in the CT-PCM 
experiment (Fig.(14)-Fig.(17)). This shows that regardless of the experiment conditions, the model is 
able to predict the thermal behaviour of CT-PCM system. On the other hand, the use uniform cooling 
power, qw for modelling is dependent on the flow-rate of the CT. At high flow rate above 800 ml/min, 
uniform qw can be used in the modelling. Conversely, at low flow rate below 500 ml/min, correction 
factor needs to be applied to qw for accurate modelling. The temperature profile shows that PCM in its 
liquid state at 30oC undergoes a cooling process where solidification (freezing) occurs between 22oC 
to 18oC. Gradual cooling can be observed during this period where heat is discharge slowly due to the 
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presence of sensible and latent thermal storage of PCM. When PCM is completely solid, only sensible 
energy presents.  
3.3 Limitations 
  
There are, however, some constraints which may affect the accuracy of the model developed in the 
study. The PCM is in the form of powder, uneven thickness throughout the panel is one of the biggest 
challenges to solve in the work.  
 
 
4. Conclusion 
The paper presents a novel system of Capillary Tubes embedded in a Phase Change Material (CT-
PCM) as part of active building environmental design for energy conservation and the improvement 
of indoor thermal environment. To understand the dynamic thermal characteristics of the CT-PCM 
system, both numerical and experimental studies are carried out. A set of experiment was conducted 
by varying the supplying water flow rate and temperature, and the full charging and discharging cycle 
of PCM was obtained.  
A simplified numerical model for CT-PCM system (assuming uniform distribution of temperature on 
the 2D panel) is developed to allow the parametrical study of the system. The numerical simulation 
results agree well with the experimental data when the flow rate of the thermal fluid is more than 800 
(ml/min), however, larger discrepancy occurs when the flow rate is smaller than 500 ml/min. 
Furthermore, a series of correction factors are derived to address such discrepancy in the same time 
maintaining the benefit of computational efficiency. The proposed approach is limited in scope (this is 
a 3D heat transfer problem in nature) but particularly promising to integrate with building energy 
simulation model to understand the energy saving potential at the strategical system design stage. 
The model can be used as a quick tool to test the energy saving potential of such CT-PCM system in 
different climates such as in China. 
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APPENDIX 1 
Validation results for Measuring Point 2  
 Boundary A Boundary B 
Test 1 
(300 
ml/min, 
5 oC) 
  
 Figure 18a. Verification for test 1 
(Boundary A) 
Figure 18b. Verification for test 1 (Boundary 
B) 
Test 2 
(300 
ml/min, 
10 oC) 
  
 Figure 19a. Verification for test 2 
(Boundary A) 
Figure 19b. Verification for test 2 (Boundary 
B) 
Test 3 
(500 
ml/min, 
10 oC) 
  
 Figure 20a. Verification for test 3 
(Boundary A) 
Figure 20b. Verification for test 3 (Boundary 
B) 
Test 4 
(800 
ml/min, 
10 oC) 
  
 Figure 21a. Verification for test 4 
(Boundary A) 
Figure 21b. Verification for test 4 (Boundary 
B) 
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Test 5 
(1000 
ml/min, 
15 oC) 
  
 Figure 22a. Verification for test 5 
(Boundary A) 
Figure 22b. Verification for test 5 (Boundary 
B) 
 
Validation results for Measuring Point 5 
 Boundary A Boundary B 
Test 1 
(300 
ml/min, 
5 oC) 
  
 Figure 23a. Verification for test 1 
(Boundary A) 
Figure 23b. Verification for test 1 (Boundary 
B) 
Test 2 
(300 
ml/min, 
10 oC) 
  
 Figure 24a. Verification for test 2 
(Boundary A) 
Figure 24b. Verification for test 2 (Boundary 
B) 
Test 3 
(500 
ml/min, 
10 oC) 
  
 Figure 25a. Verification for test 3 
(Boundary A) 
Figure 25b. Verification for test 3 (Boundary 
B) 
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Test 4 
(800 
ml/min, 
10 oC) 
  
 Figure 26a. Verification for test 4 
(Boundary A) 
Figure 26b. Verification for test 4 (Boundary 
B) 
Test 5 
(1000 
ml/min, 
15 oC) 
  
 Figure 27a. Verification for test 5 
(Boundary A) 
Figure 27b. Verification for test 5 (Boundary 
B) 
 
